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High-Resolution Model of the Microtubule
We recently obtained the structure of the tubulin dimerEva Nogales,*²§ Michael Whittaker,³
Ronald A. Milligan,³ and Kenneth H. Downing* by electron crystallography of zinc-induced tubulin
sheets (Nogales et al., 1998a). Each tubulin monomer*Lawrence Berkeley National Laboratory
Berkeley, California 94720 (Figure 1A) is a compact ellipsoid of approximate dimen-
sions 46 3 40 3 65 AÊ (width, height, and depth, respec-²Molecular and Cell Biology Department
University of California at Berkeley tively) made up of three sequential domains: an N-ter-
minal, nucleotide-binding domain; a smaller secondBerkeley, California 94720
³Department of Cell Biology domain; and a predominantly helical C-terminal region.
The a and b subunits are very similar, with the ab-dimerThe Scripps Research Institute
La Jolla, California 92037 being 46 3 80 3 65 AÊ . We have also calculated a 20 AÊ
resolution three-dimensional (3D) map of the microtu-
bule by cryoelectron microscopy and helical reconstruc-
tion and established the map polarity by comparisonSummary
with previous data (Sosa and Milligan, 1996; Sosa et al.,
1997). The 3D map shows that the inside and outsideA high-resolution model of the microtubule has been
microtubule surfaces are very distinctive. The outsideobtained by docking the crystal structure of tubulin
surface is characterized by a shallow zigzag of densityinto a 20 AÊ map of the microtubule. The excellent fit
that forms the crest of the protofilament. In a side view,indicates the similarity of the tubulin conformation in
this surface is fairly flat with very shallow undulations.both polymers and defines the orientation of the tu-
In contrast, the inside surface is deeply corrugated, withbulin structure within the microtubule. Long C-termi-
the connections between protofilaments lying close tonal helices form the crest on the outside of the protofil-
the inner surface. Here we have docked the crystal struc-ament, while long loops define the microtubule lumen.
ture of tubulin into the 3D map of the microtubule toThe exchangeable nucleotide in b-tubulin is exposed
create a near atomic model of the microtubule. Theat the plus end of the microtubule, while the proposed
model shows the detailed architecture of the microtu-catalytic residue in a-tubulin is exposed at the minus
bule and provides insight into the molecular basis forend. Extensive longitudinal interfaces between mono-
the observed properties of microtubules.mers have polar and hydrophobic components. At the
lateral contacts, a nucleotide-sensitive helix interacts
with a loop that contributes to the binding site of taxol Results
in b-tubulin.
Microtubule Docking
Introduction As the high-resolution model was obtained from a poly-
merized form of tubulin (Nogales et al., 1998a), the struc-
Microtubules are ubiquitous cytoskeletal elements built ture of the complete protofilament is readily available
by the self-association of ab-tubulin dimers. The poly- from the electron crystallographic data. Thus, docking
merization process involves two types of contacts be- the high-resolution and low-resolution structures was
tween tubulin subunits: head-to-tail binding of dimers greatly facilitated by fitting the protofilament as a unit.
results in protofilaments that run along the length of the Fitting was carried out first manually by rotating the
microtubule, and lateral interactions between parallel atomic model of the protofilament around its axis and by
protofilaments complete the microtubule wall. Adjacent translating along the microtubule length. This procedure
protofilaments are offset axially, resulting in a helical was repeated for both the up and down orientations of
lattice of monomers that is occasionally interrupted by the protofilament. Only one orientation, rotation, and
a ªseamº where the lateral interface between protofila- translation fit within the microtubule map, unambigu-
ments involves heterologous contacts (a-b) between ously defining the polarity and orientation of the protofil-
monomers. The longitudinal contacts along protofila- ament atomic model (Figures 1B±1D). Subsequently, the
ments appear to be much stronger than those between fitting was quantitatively tested by computing a correla-
adjacent protofilaments, based both on the fact that tion between the microtubule reconstruction and a den-
depolymerization involves the peeling of protofilament sity map calculated from the atomic model at a resolu-
fragments from the microtubule ends (Mandelkow et tion of 2 AÊ . As a function of rotation of the model about
al., 1991) and on the recurrence of the protofilament the protofilament axis, the correlation has a strong peak
structure in all characterized tubulin polymer forms, for that defines the orientation of the model to within z58
example rings, spirals, sheets, or ribbons. Only in micro- (Figure 1E). Such rotation would result in movement at
tubules and zinc-induced sheets are the protofilaments the outer surface of the protofilament of less than 3 AÊ .
straight. In contrast with the microtubule, the zinc sheets The orientation obtained by this method is the same as
are formed by the antiparallel association of protofila- that found by the visual docking. Similarly well-defined
ments (Amos and Baker, 1979). correlation peaks were found for translation along and
perpendicular to the axis, defining the position to within
z3 AÊ (data not shown), although these other degrees§ To whom correspondence should be addressed (e-mail: enogales@
lbl.gov). of freedom would not affect the interaction between
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Figure 1. Docking of the Tubulin Crystal Structure into the Microtubule Map
(A) Electron crystallographic structure of b-tubulin from zinc-induced sheets stabilized with taxol. The different secondary structure elements
as defined in Nogales et al. (1998a, 1998b) are indicated. Loops involved in nucleotide binding are labeled T1 to T7, where T7 interacts with
the nucleotide of the next tubulin subunit down. The loop marked ªM loopº is important in lateral interactions between protofilaments in the
microtubule (see text). Figure generated with Raster 3D (Merrit and Murphy, 1994).
(B±E) Docking of the crystal structure of the tubulin protofilament from zinc sheets into the 20 AÊ 3D map of the microtubule. The microtubule
map was obtained by helical reconstruction of ice-embedded microtubules with 15 protofilaments and a four-start helix as described in Sosa
et al. (1997). (B) Front view of the docking shown from the outside of the microtubule with the plus end at the top. Three protofilaments, each
with four tubulin monomers, are shown in green, except for the central dimer, which is shown in magenta. (C) Cross section of the microtubule
docking showing four adjacent protofilaments in red, green, magenta, and blue, as seen from the plus end. Nucleotides and taxoid molecules
are shown in black. (D) Lateral view of a single protofilament. The a and b subunits of the dimer in magenta are indicated, as well as the H1-
S2 and H2-S3 loops on the inside surface of the microtubule and H11 and H12 on the outside of the microtubule. Figure generated with O
(Jones et al., 1991). (E) Cross correlation between the microtubule density and a density map computed from the atomic model as a function
of rotation around the protofilament axis. The correlation was calculated in real space using a program written as a module in AVS (Advanced
Visual Systems, Inc.), allowing visualization of the relative positions of the two structures along with correlation calculation. The correlation
coefficient was computed as:
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where d1 and d2 are densities in the two structures, the sums are taken over all voxels in the map derived from the atomic model, and N is
the number of voxels in the volume. The apparent low values for the coefficient are due to the difference in resolution between the model
and the experimental map. When the model density was calculated to 20 AÊ , the best coefficient became close to 1 (data not shown).
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protofilaments. When the model was tested with the formation of the dimer are totally conserved within the
a- and b-tubulin subfamilies, and about 40% of thosepolarity inverted, the best correlation was 0.40, well be-
low the maximum obtained for the protofilament in the at the dimer±dimer interface (data on conservation from
Burns and Surridge, 1993). The most prominent interac-up orientation.
tions between residues of consecutive monomers are
shown in Table 2. The nucleotide lies in the center of theThe External and Lumenal Microtubule Surfaces
interface and plays an important role in the interactionThe overall surface topography of the microtubule wall
(Figure 2). Three major areas of longitudinal contactsin the model follows closely the general features seen
between tubulin subunits are defined in Tables 1 and 2in low-resolution reconstructions. On the outside, there
and Figure 3. Zone A, toward the outside surface of theare deep grooves between protofilaments, and on the
microtubule, involves the interaction of the H10-S9 loopinside there are grooves following the ªfour-startº helix
in one monomer with H11 and loop T5 in the next mono-(Figures 1C and 1D) (the microtubules used for the re-
mer down. H10 also interacts with H6 and the H6-H7construction had 15 protofilaments and followed a four-
loop of the previous monomer. Zone B includes thestart helix, which corresponds to the three-start of mi-
interaction of H8 with the N-terminal end of T5, with T3,crotubules with 13 protofilaments [Sosa et al., 1997]).
and with a highly conserved region in the H11-H12 loopThe intersection between the two sets of grooves be-
in the next monomer down. The last area, zone C, istween the protofilaments creates holes or fenestrations
close to the lumen of the microtubule and involves directin the wall. These fenestrations were prominent features
interaction of loop T7 with the nucleotide and adjacentin negative stain reconstructions (Amos and Klug, 1974).
regions of the previous monomer, T1, H2, and H7.The high-resolution model now brings these fenestra-
Residue differences between the intradimer and inter-tions into sharp focus and reveals them as open chan-
dimer interfaces are indicated in Table 2. Some of thosenels approximately 10 AÊ in diameter (Figures 1B and 5).
residues contribute to the interface via their main chainThe outside surface of the microtubule is dominated
atoms. A cluster of significant side chain differencesby the C-terminal helices H11 and H12 and the well-
is present in zone C. Side chains involved directly indefined loop between H10 and S9 (Figure 1D). These
contacts at the intradimer interface, b:Q247, a:T225,structural elements define a shallow zigzag path on the
a:T73, and a:G77 (Figure 3E), have disappeared or beencrest of each protofilament. The atomic model of tubulin
shortened for the interdimer contact: a:G247, b:G225,lacks the last 18 C-terminal residues in b-tubulin and
b:G73, and b:S77 (Figure 3F). Two major differences arethe last 10 residues in a-tubulin, which are disordered
present in zone B. Residues b:R253 and a:D98 form ain the zinc sheets. As the high-resolution structure fits
salt bridge at the intradimer interface (Figure 3C), whichsnugly within the 20 AÊ resolution microtubule map with
must contribute significantly to the energy of dimer for-no unoccupied space, it follows that these C-terminal
mation (these residues are totally conserved in all knownregions are also disordered in microtubules assembled
a- and b-tubulin sequences). The equivalent residuesfrom purified tubulin. Completing the outside surface of
at the dimer±dimer interface are a:T253 and b:G98the microtubule are, on one side of the crest, the H8-
(Figure 3D). The result of these differences is that theS7 loop, the C-terminal halves of H4 and H5, and the
longitudinal interface toward the lumen of the microtu-H11-H12 loop; on the other side are H10, the H9-S8
bule is significantly weaker between dimers than be-loop, and the last residues in loop T5.
tween monomers within the dimer. Finally, an importantIn contrast to the outside surface of the microtubule,
additional difference is the residue at position 254. Inwhere long alpha helices are the predominant feature,
b-tubulin, this residue is a lysine that sits very close tothe inside surface is dominated by the presence of long
the g-phosphate at the N site (Figure 3C). In a-tubulin,loops: the H1-S2 loop, the H2-S3 loop, and the S9-S10
the residue is a glutamate that has been proposed toloop (Figure 1D). This last loop, together with parts of
catalyze polymerization-driven hydrolysis at the E siteH1, H6, H7, and S7 in b-tubulin, form the taxol-binding
(Nogales et al., 1998b), based both on the position ofpocket in the high-resolution structure from zinc sheets
the residue in the tubulin atomic model (Figure 3D) and(Nogales et al., 1998a) (see Figure 5).
on mutagenesis studies of the equivalent residue in FtsZ
(Dai et al., 1994). Alanine scan mutations in yeast
Longitudinal Contacts in Protofilaments b-tubulin have shown D251A-R253A-K254A to be a le-
The longitudinal interfaces between monomers and di- thal mutation (Reijo et al., 1994).
mers (intradimer and interdimer interfaces, respectively)
are very similar topologically and involve equivalent Lateral Contacts between Protofilaments
structural elements in a- and b-tubulin. We will focus Docking the high-resolution model of the protofilament
first on the common attributes of these two contacts. into the microtubule map places a number of structural
The interfaces are very extensive, with a total surface elements on the sides of the protofilaments in close
of about 3000 AÊ 2 being buried upon formation of the proximity to each other. These elements lie at low micro-
dimer (Nogales et al., 1998b) or in a polymerization tubule radius and occupy the connections between pro-
event. This interface shows an exquisite shape comple- tofilaments seen in the lower-resolution 3D maps (Figure
mentarity between monomers and a combination of hy- 1C). The level of certainty in the fitting regarding rotation
drophobic and polar contacts (Figures 2 and 3 and Table of the protofilaments (658) is more than sufficient to
2). The structural elements interacting at this interface clearly identify the structural elements that are involved
are indicated in Table 1. in the protofilament interactions in the microtubule (Ta-
ble 1). Determination of the precise residues involvedApproximately 52% of the residues involved in the
Cell
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Table 1. Interacting Elements in Tubulin Subunits
Interactions between secondary structure elements of tubulin at
longitudinal and lateral interfaces. Three main zones of interactions,
A, B, and C, can be recognized at the longitudinal interface (see
Table 2 for an account of the residues directly involved in this inter-
action). For lateral interactions, the sections of the sequence most
likely to be involved in the contact are indicated in parentheses.
in lateral interactions would not be meaningful, because
the different interprotofilament geometry in zinc sheets
and microtubules strongly suggests some local confor-
mational changes in the regions of interaction, particu-
larly concerning loops.
Compared to the longitudinal contacts, lateral interac-
tion surfaces show a marked electrostatic character
(Figure 4). The S7-H9 loop appears to be the central
element of the interaction (Table 1 and Figure 5). We
refer to this loop as the M loop (for microtubule loop).
It projects out from one side of the protofilament and
makes close contacts with H3, the C-terminal part of the
H2-S3 loop, and part of the H1-S2 loop in the adjacent
protofilament (Figure 5). Three additional regions lie very
subunits were rotated away from each other by 908 around the
horizontal axis to allow visualization of the interface. Nucleotides
are shown colored in the monomers where they are bound and are
shown also in gray above the other monomer for easier reference.
The interacting surfaces are colored according to the character of
the residues underneath: blue for positively charged residues (Lys,
Arg), red for negatively charged (Asp, Glu), white for polar (Ser, Thr,
Cys, Asn, Gln, His, Gly), yellow for hydrophobic (Ala, Val, Leu, Ile,
Met, Phe, Pro), and pale yellow for Trp and Tyr. Both polar and
hydrophobic interactions contribute to the intradimer and interdimer
Figure 2. Longitudinal Interfaces along Protofilaments interfaces, with the intradimer having a small electrostatic compo-
Longitudinal contact interfaces (A) between monomers within the nent. The contacts are extensive and highly complementary in shape
dimer and (B) between dimers. Surfaces involved in subunit contacts so that van der Waals interactions are important. Figure generated
were defined as those 4 AÊ or less from the next subunit. The two with GRASP (Nicholls, 1993).
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side of the interface (H3, loops H1-S2 and H2-S3, S3,Table 2. Longitudinal Interactions
and H4), in particular a two-residue insertion in a-tubulin
within the H1-S2 loop. These sequence differences be-
tween the a and b subunits are at the heart of the defini-
tion of the microtubule lattice, that is, the preference
between homologous (B lattice) and heterologous (A
lattice/seam) lateral contacts.
Discussion
Microtubule Docking
The excellent fit of the atomic model of tubulin from
zinc-induced sheets into the microtubule reconstruction
strongly indicates that the conformation of the protofila-
ment is highly conserved for the two polymers, with
no major change in the structure of tubulin or in the
longitudinal contacts between subunits. Differences be-
tween the two polymers should therefore be restricted
to local changes at the sites of lateral interactions.
The detailed complementarity in the shape of the mi-
crotubule map and the crystal structure of the protofila-
ment made the visual docking straightforward. Calcula-
tion of the correlation between the two structures
confirms the manual fit and gives a quantitative measure
of the precision of the docking. The correlation plots
indicate that the rotation is very highly constrained to
within five degrees, corresponding to less than 3 AÊ
movement at the molecular surface. This level of uncer-
tainty, which is of the same order of that for translation
and radial displacement, does not affect the identifica-
tion of the structural elements involved in lateral con-
tacts between tubulin subunits.
In previous reports, the tubulin dimer was defined
based on the position of the hydrolyzed (exchangeable)
and nonhydrolyzed (nonexchangeable) nucleotides, theResidues involved in longitudinal interaction between tubulin sub-
observation that one interfaceÐlikely the intradimer in-units. The residues on the left column interact with those in the right
column (numbering of residues refers to the aligned sequences of terfaceÐis tighter, and the localization of residues in-
a- and b-tubulin and includes gaps in b-tubulin [Nogales et al., volved in colchicine binding at the intradimer interface
1998]). Residues involved in intradimer interactions are shown in (Nogales et al., 1998a). Thus, the identification of the
italics and those involved in contacts between dimers are shown in dimer, together with the unique and unambiguous fit of
roman characters. Boxes indicate residues that are different at the
the protofilament model into a microtubule map ofintra- and interdimer interfaces.
known polarity (Sosa et al., 1997), allows us to defini-
tively establish the identity of the monomer at the micro-
close to the lateral interfaces between protofilaments: tubule ends; b-tubulin crowns the plus end of the micro-
H9 and part of the following loop; the C-terminal end of tubule and a-tubulin crowns the minus end. This result
H6 and the following loop, which are likely to make agrees with EM observations of the ends of microtu-
contact with H3 and S3 in the adjacent molecule; and bules decorated with kinesin (Hirose et al., 1995a) and
H10, which is within contact distance of the C-terminal the immunolabeling of minus ends by an anti-a-tubulin
ends of H3 and H4. antibody (Fan et al., 1996).
It is generally established that a B lattice is the pre-
dominant arrangement of tubulin monomers in the mi-
The External and Lumenal Microtubule Surfacescrotubule lattice (Song and Mandelkow, 1993), where
As the high-resolution structure of the protofilament fitslateral contacts are made between homologous sub-
snugly within the microtubule map, without unoccupiedunits, that is, a±a, b±b. Table 2 shows the segments on
space, the C-terminal regions must also be disorderedthe tubulin sequences broadly involved in lateral con-
in microtubules assembled from purified tubulin. Thistacts. Although equivalent structural elements contrib-
conclusion is in agreement with previous experimentalute to the a±a and b±b lateral interfaces, the residues
data (Sackett, 1995; Chau et al., 1998). The C-terminalinvolved in each case are significantly different. The
regions, although not resolved in the high-resolutioncentral element for lateral interactions, the M loop, in-
structure, must be located on the outside of the microtu-cludes a segment of the sequence that is one of the
bule following helix H12. This location is also suggestedmost divergent between a- and b-tubulin: a:AEKAYHEQ
by their accessibility to proteases, antibodies, and theirversus b:RGSQQYRA. Some important differences be-
tween a- and b-tubulin are also present on the other role in binding MAPs (LuduenÄ a et al., 1992; Andreu, 1993;
Cell
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Figure 3. Structure of the Longitudinal Con-
tacts
Longitudinal contacts between a-tubulin (light
gray) and b-tubulin (dark gray) at the intradi-
mer interface (A, C, E) and at the interdimer
interface (B, D, F). The side chains for some
of the residues involved are shown. Figure
generated with Raster 3D (Merrit and Murphy,
1994).
Sackett, 1995). The outside surface of the microtubule is Recent results on the rapid appearance of fluorescence
in assembled microtubules upon addition of labeledtherefore characterized by the presence of both well-
ordered (H11, H12, loop H10-S9) and disordered regions taxol were interpreted to mean that the binding site was
on the outside surface of the microtubule, as diffusion(C-terminal residues). These regions form the crest of
the protofilament to which motors have been shown to from the open microtubule ends could not account for
the rapid kinetics of labeling (Evangelio et al., 1998).bind (Hirose et al., 1995b; Hoenger et al., 1995; Kikkawa
et al., 1995; Arnal et al., 1996; Sosa and Milligan, 1996). However, our model suggests that rapid luminal access
could occur via the fenestrations in the microtubule wallIt is noteworthy that yeast b-tubulin mutations of the
charged residues in H12 are lethal (Reijo et al., 1994), (see Figure 5) or via defects in the microtubule lattice
(ChreÂ tien et al., 1992).most likely due to the disruption of motor±microtubule
interactions. The position of a:Lys40 (within the H1-S2 loop) on
the inside surface of the microtubule seems somehowIn the model, taxol lies on the inside surface of the
microtubule, near lateral contacts between protofila- difficult to reconcile with its susceptibility to proteases
(de Pereda and Andreu, 1996) and acetylation in assem-ments (Figure 5). In fact, the taxane ring of taxol sits at
the N-terminal end of the M loop, which is essential for bled microtubules (Maruta et al., 1986). However, data
indicate that acetylation is a slow process compared tolateral interactions both in zinc sheets (Nogales et al.,
1998a) and microtubules. Experimental results from microtubule assembly (Piperno et al., 1987) and that it
occurs from the ends of the microtubule (Wilson andother groups provide strong support for a common bind-
ing site of taxol in tubulin, for both microtubules and Forer, 1997), suggesting a slow diffusion of the acetyl-
transferase down the microtubule lumen. Furthermore,zinc sheets. For example, the taxol-binding elements
that have been identified by photocross-linking studies immunoelectron microscopy experiments using anti-
bodies specific for acetylated tubulin show that in condi-in microtubules (Rao et al., 1994, 1995) lie in close prox-
imity to taxol in the crystallographic model (Nogales tions that preserve the integrity of the microtubule wall,
label is only present at the end of microtubules or inet al., 1998a). Furthermore, mutations affecting taxol
cytotoxicity in ovarian cancer cells (Giannakakou et al., positions where the microtubule is broken, indicating
that the large antibodies could not reach the acetylated1997) map to the S9-S10 loop that defines part of the
taxol pocket and to a phenylalanine in S7 whose side site on the inside of the microtubule (J. Rosenbaum and
K. Johnson, personal communication). Together withchain is stacked against the C39 phenyl group of taxol.
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in the sheets, is most likely confined to the structure of
the M loop and the precise orientation of helix H3. In
addition, the H1-S2 and the H2-S3 loops, which are very
poorly ordered in the high-resolution structure obtained
from zinc sheets, should adopt a defined conformation
in the microtubule as they become involved in the inter-
actions between protofilaments.
The position of the tubulin interfaces in the microtu-
bule agrees very well with the protection of four proteo-
lytic sites in tubulin upon microtubule polymerization
(de Pereda and Andreu, 1996). One of these sites is
the main trypsin digestion site in a-tubulin at Arg-339
(Brown and Erickson, 1983; Mandelkow et al., 1985;
Sackett and Wolff, 1986; de Pereda and Andreu, 1996).
This residue is near the lateral interaction between helix
H10 in one monomer and helices H3 and H4 in the adja-
cent subunit. A second polymerization-protected site in
a-tubulin is at the nicking point by endoproteinase
Figure 4. Lateral Interfaces between Protofilaments Lys-C, Lys-280, which in our model is within the main
Lateral contact interfaces. Surfaces involved in subunit contacts lateral interface at the M loop (de Pereda and Andreu,
were defined as those 5 AÊ or less from the next subunit. This distance 1996). Similar protection upon polymerization occurs
was chosen because of the uncertainty in the conformation of the for the main chymotrypsin site in b-tubulin at Tyr-283
structural elements involved (see text). The contact surface of inter- (Brown and Erickson, 1983; Mandelkow et al., 1985;action should therefore be an overestimation. The two subunits have
Sackett and Wolff, 1986; de Pereda and Andreu, 1996).been rotated away from each other by 908 around the vertical axis.
Finally, the b-tubulin cleavage by clostripain at Arg-123The interacting surfaces are colored according to the character of
the residues underneath, as indicated in Figure 3. The contacts that is totally abolished in microtubules (de Pereda and
show an important electrostatic component. Figure generated with Andreu, 1996) is located in H3.
GRASP (Nicholls, 1993). Interestingly, temperature-sensitive alanine scan mu-
tants in yeast, both for b-tubulin (Reijo et al., 1994) and
a-tubulin (K. Richards et al., in preparation), map to
our model, these data suggest that the acetyltransferase polymerization interfaces. In b-tubulin, the temperature-
and the proteases diffuse slowly along the z150 AÊ diam- sensitive mutants map mainly to H3, the M loop, and
eter lumen of the microtubule. the H1-S2 loop, the most important regions for lateral
contacts, as well as H10 and loops T6, T5, and H11-
Contacts in and between Protofilaments H12, regions directly involved in longitudinal contacts
The longitudinal interactions between tubulin subunits (H10 at the intradimer contact, and loops T6, T5, and
along a protofilament are well determined from the crys- H11-H12 at the interdimer interface). In addition, some
tal structure of tubulin zinc sheets. The quality of the lethal mutations in yeast b-tubulin are close to or at the
fitting supports the idea that the conformation of the interface involved in the formation of the dimer, namely
tubulin dimer and the interaction between subunits those in T7 and H8 (also involved in nucleotide binding),
along the protofilament are extremely similar in zinc H10, and loop H10-S9 (Reijo et al., 1994).
sheets and microtubules. Comparison of intra- and inter- Microtubules are polymorphic both in vivo and in vitro,
dimer contacts show that the longitudinal interactions being constructed from as few as 9 or as many as 18
are stronger and more extensive between monomers protofilaments (ChreÂ tien and Wade, 1991). There is thus
within the dimer than at the dimer±dimer interfaces, par- considerable flexibility in the interprotofilament contacts
ticularly near the lumen of the microtubule. This observa- that must be capable of accommodating different angles
tion suggests that the loss of the g-phosphate at the E between adjacent protofilaments (z208±408 from pla-
site, which is directly involved in contact between di- nar). In this context, the N- and C-terminal parts of the
mers, should further weaken the interaction between M loop seem to be well placed to function as a hinge.
dimers at lower radius, promoting the outward curling They position the middle part of the loop away from the
of the protofilament and its consequent disassembly, tubulin surface and could allow it to swing azimuthally.
as observed by cryoelectron microscopy (Mandelkow H3 is similarly articulated, though perhaps not to the
et al., 1991). same extent, by loops at each end of the helix. Thus,
The accuracy of the docking allows us to identify the parts of the polypeptide chain before and after the inter-
structural elements in tubulin involved in lateral interac- acting regions of the M loop and H3 could provide flexi-
tions. Identification of the precise residues is not possi- bility without compromising the interactions between
ble, not only because the present docking has a cer- these structural elements.
tainty of about 3 AÊ (corresponding to 58 of rotation), but
also because the elements involved in the contact are
expected to change conformation, to a certain extent, Nucleotide Hydrolysis and Dynamic Instability
As described before, the docking, together with the defi-in the presence of zinc. That conformational change,
related to the antiparallel arrangement of protofilaments nition of the dimer, leads to the conclusion that the plus
Cell
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Figure 5. Structure of the Lateral Contacts
Stereo image of the lateral interaction between tubulin subunits. b-tubulins are shown in the center area, while a-tubulins (lighter tones) are
above and below. Secondary structure elements involved in the contact, in binding taxol (taxotere in the crystallographic model), or in defining
the fenestrations between protofilaments are indicated. Figure generated with Raster 3D (Merrit and Murphy, 1994).
end of the microtubule is crowned by b subunits and a new polymerization event. This means that, except
under conditions where hydrolysis and/or Pi release isthe minus end by a subunits (Figure 1). Furthermore,
given the positions of the nucleotides at the interfaces slow compared to subunit addition (i.e., high concentra-
tion of free GTP-tubulin), no GTP cap should exist atbetween subunits, the nucleotide at the E site in the last
dimer faces the solvent at the plus end, explaining the the minus end.
The involvement of the nucleotide in longitudinal con-nucleotide exchange observed to occur at plus ends
(Mitchison, 1993). Upon arrival of a new dimer at the tacts and the central role of H3 in lateral interactions
are of special relevance for dynamic instability. T3, theplus end, residues in loop T7 and helix H8 in a-tubulin
of the incoming dimer interact with the nucleotide of the loop preceding H3, is directly involved in binding the
g-phosphate and should be particularly sensitive to hy-receiving b subunit (Nogales et al., 1998b). This nucleo-
tide is consequently hydrolyzed, and the resulting GDP drolysis of the E site nucleotide (Nogales et al., 1998b). In
that respect, and in spite of the established differencesbecomes buried in the interface and therefore nonex-
changeable. As GTP in the newly added dimer is unaf- between tubulins and the classical GTPases (Nogales
et al., 1998b), loops T3 and H3 can be considered thefected by polymerization, the plus end should have a
layer of GTP subunits. equivalent of the Switch II region. We postulated above
how the loss of the g-phosphate should weaken theThe situation at the minus end is different. The receiv-
ing minus end is formed by the surface of a-tubulin dimer±dimer interface, inducing the curling and subse-
quent disassembly of the protofilament. Lateral interac-containing the catalytic residue, and it is the E site nucle-
otide of the incoming dimer that is hydrolyzed following tions should also be affected by nucleotide hydrolysis
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through H3. Hydrolysis could induce a conformational be designed to stabilize microtubules in a taxol-like
fashion.change in H3 transmitted directly through T3, resulting
in weakening of the contacts between adjacent protofi-
laments. It is not difficult, therefore, to imagine that the Conclusions
presence of the g-phosphate is required to maintain Our model of the microtubule establishes the position
strong lateral interactions and that these interactions of the different structural elements in tubulin with re-
at the capped ends could be enough to stabilize the spect to the inside and outside and plus and minus ends
structure of the whole polymer. of the microtubule. It identifies the regions in the tubulin
The stability of a microtubule end could be determined sequence involved in longitudinal and lateral interac-
mainly by the lateral interactions at the very last mono- tions and provides insight into the differences between
mer, with the second monomer in the dimer having a intradimer and interdimer interactions and between A
smaller additional effect. The effect of hydrolysis on and B lattices. The model allows us to link the processes
lateral contacts should be limited mostly to the b sub- of polymerization and hydrolysis and provides insight
unit, establishing further differences between the plus into the effect of hydrolysis on the depolymerization of
and minus ends. The last lateral contact at the minus microtubules and on the stabilizing effect of taxol. Fi-
end is always made by an a subunit and should be nally, the model correlates the different dynamic behav-
basically the same, independent of the nucleotide state. iors of the plus and minus ends with the fact that only
Thus, the minus end will be fairly stable with respect to one monomer in the tubulin heterodimer is regulated by
lateral interactions (even in the absence of a GTP cap), its nucleotide state.
with a strong ªterminalº contact between a subunits. In
contrast, the plus end will be in one of two very different
Experimental Procedures
states concerning lateral interactions, depending on
whether the contacts at the very last monomer are be- The crystal structure of tubulin at 3.7 AÊ resolution was obtained
tween b subunits containing GTP (strong contacts) or from zinc-induced two-dimensional crystalline sheets of tubulin,
stabilized by taxol, and studied by electron crystallography (NogalesGDP (weak contacts). The very different dynamic behav-
et al., 1998a). Details on crystal growth and electron crystallographiciors observed at the plus and minus ends of microtu-
procedures can be found in Nogales et al. (1997, 1998a). The 20 AÊbules (Walker et al., 1989) therefore result from the fact
resolution density map for the microtubule was obtained by cryo-
that tubulin is a dimer where only one monomer is regu- electron microscopy of frozen-hydrated microtubules and image
lated by nucleotide hydrolysis. analysis using helical reconstruction procedures (Sosa et al., 1997).
In summary, the minus end should generally lack a Microtubules with 15 protofilaments and a four-start helix, having
a true helical arrangement of tubulin monomers, were selected forGTP cap, but will end on laterally interacting a-tubulins.
analysis.The plus end should generally have a monolayer GTP
Docking of the crystal structure of the protofilament into the mi-cap, but the loss of this cap (by nucleotide exchange,
crotubule reconstruction was done both visually, using the crystallo-
dissociation of end dimers, or addition of GDP subunits) graphic program ªO,º and by a maximization procedure of the corre-
will produce an end of b-tubulins containing GDP that lation coefficient between the microtubule density map and a density
interact weakly laterally. This model is in agreement with map generated from the atomic coordinates of the protofilament.
For more details, refer to the text and the legend to Figure 1.a more dynamic plus end, with fast growth and shrinkage
states and frequent catastrophes and rescues, while the
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